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Abstract— Self-splicing group I inuon RNA was chosen as a pfuentia! therapeutic target for small-molecule intervention. High- 
throughpul screening methodologies have been de^'eloped to identify sra3ll organic molecules that regulate the activities of these 
catalytic in irons. Group I inirons derived from pathogeiiic Pneumocystis carvvi and phage T4 were used as mode! systems. 
Inhibitors identified from d library of ]50»000 compounds weie shown to regulate biochemical reactions includiiig the two step 
intron splicing and an RNA ligation catalyzed by the group 1 in irons. Tliese inhibitors provide a unique opportunit)* to understand 
5ma!l-mt)lccule recognition of the self-splicing RNA. The methodologies developed for group 1 introns should be applicable to 
studies of other RNA systems. C' J 997 Elsevier Science Ltd. 



Introduction 

The fintiings of RNA ;;atalysis in biological systems have 
not only revolutionized our thinking of the origin of life' 
but also stimulated signin;;aiit research opportunities in 
drug discovery • On one hand, RNA catalysts (ribo- 
zyn^es) can be used as therapeutic agents that target 
specific RNfA sequences/ In principle, these ribozyme 
agents can be tailor-made to recognize {through 
Watson-Crick-like base-pairing) and to degrade (with 
their catalytic functions) any RNA targets. On the other 
hand, ribozymcs can be regarded as one would any 
protein target whose functions can be regulated by 
therapeutic intervention.^ 

Group I intron RNA, identified in bacteriuphagcii, 
fungi, algae, protozoa, and eubacteria but not in hij;her 
eukaryotes, represents one of the best -characterized 
ribo/^ymcs.- With magnesium and guanosinc as ccfac- 
tors, group I introns have been found to activate their 
own in vitro splicing in the absence of any proteins. 
Highly conserved secondary and tertiary structures of 
all known group I introns have been deduced from 
phylogenetic comparisons and molecular modeling.* 
The catalytic core of the group I introns is responsible 
for binding a guanosine cefaclor and caial>'zing a two- 
sicp splicing reaction (Fig. lA). The mechanism of the 
in vitro sclf-splicing process (Fig. IB), a 5'-cleavage 
reaction with guanosine and the re-ligation of the two 
cxons, is universal for all group I introns even under in 
vivo conditions where certain proteins may be involved.' 
Group I introns and other classes of ribozymes*' have 

been found in biologically relevant genes of several 
pat ho scenic microorganisms. Each class involves specific 
mechanisms of biocraialysis not likely found in humans. 
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U has been suggested that catalytic RNA could serve as 
a therapeutic target.'' Molecules that regulate the 
splicing of group I intron-containing precursor RNA 
are suggested to affect the growth of the microorgan- 

; .^l—i^^ •l^A^A ^iV^.^-, 

;:>iii;> \-u>iL<3iiijiig iijc3L> 1 juu/.v iijv^:>. 

Nucleic acid or amino acid-based compounds^*' and 
metabolites such as streptomycin and other aminoglyco- 
side antibiotics^' have been demonstrated to inhibit in 
vitro sclf-splicing of group 1 introns. While these 
molecules represent the first examples of ribozyme 
inhibitors, there have been no reports of low molecular 
weight organic molecules that regulate the functions of 
catalytic group 1 introns.'' Wc report here mcthodolo- 

gics/including high-throughput screening assays, for the 
rapid identification of low molecular weight organic 
modulators of group I intron-reiated ribozymes. Reg- 
ulation of the biochemical reactions catalyzed by group 
J introns obtained from Pneumocysm carinii^^ and a sclf- 
assemblcd ribozyme sy.stcm derived from the self- 
splicing intron SunY of bacteriophage T4"' will be 
discussed. 



Results and Discussion 

Self-splicmg group I introns in Pneumocystis carinii 

Pneumocystis carinii, a yeast-like funuus, represents one 
of the most common infectious agents for immuno- 
compromised patients..'-' In P. carinii^ all copies of 
chromosomal genes of small subunil ribosomal RNA 
contain group 1 introns.'^ The splicing reactions are 

believed to be crucial in the maturation process of the 
biologically important P. carinii rRNA. A reconstructed 
precursor RNA molecule (552 nucleotides (nt) long) 
containing P. carinii group ! inirnn (390 nl) and two 
short exon fragments (shown in Fig. 2A) is used as our 
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model system. Figure 2(A) shows the two-step splicing 
reaciions of this precursor RNA catalyzed by the cis- 
acting group I intron in ihe presence, of a cofacior 
(guanosine or 5'-phosphorylated guanosine) and diva- 
lent cations such as Mg'^ In thc given example, the 
starting materials are full-length pre-rRNA (552 nt) and 
guanosine ^'-triphosphate (GTP). The products of thc 
first cleavage reaction are two intermediate RNA 
fragments; a n3-nt RNA containing the 5'-exon and a 
guanosinc-incorporated 43y-nt RNA consisting of both 
the group 1 mlron (390 nt) and the 3'-exon. The splicing 
reaction usually proceeds beyond the first step and the 
products from thc second step include a ligatcd 5'- and 
3'-exon (162 nt) and a released group I intron (^90 nt) 
with a guanine residue ai the 5'-end.^'* 

Under in vitro conditions, splicing reactions occurred 
spontaneously in the transcription buffer (containing 
both GTP and Mg^') required for syntiicsizin^ the 
precursor RNA. l^^igure 2(B) shows the desired 
products of the in vitro transcription; a full-length 
precursor RNA, accompanied by thc spliced products. 
Interestingly, the fulMength precursor RNA recovered 
trom gel purification can still undergo self-splicing 
reactions m the absence of any protein enzymes. In 
Figure 2(B), lane 2 represents the self-splicing reactions 



of a 5'-end labeled, full-length precursor RNA in the 
presence of Mg^*. Self-splicing was initiated by the 
addition of guanosine cofactors. After self-splicing 
reactions, thc samples were elecirophore&ed on a 
polyaciy'lamide gel. Out of the four possible KNA 
products, only the two shorter RNA fragmenti; were 
radioactively labeled and visible on imaging the gel. 'ITie 
U3-nt RNA fragment represents 5'.exon released from 
the first splicing reaction and the 162-nt RNA 
represents the ligated exons as a result of a second 
splicing reaction. Lane 3 represents similar reactions on 
a nonradioactive precursor RNA with a-^-P G*rp as thc 
cofactor. In contrast to reactions on the 5'-labelcd 
precursors, only the xv^^o longer RNA products (5'-^^P 
439-nt RNA from the S'-cicavagc reaction and 5'-^T 
390-nt RNA from the ligation reaction) are observed. 
These results indicate that in the presence of Mg^"" and 
guanosine, thc folding process and the catalytic func- 
tions of group I introns are self-promoted with high 
efficiency. 

We have developed a high-throughput screening assay 
for self-splicing group 1 inirons using 96-well microliter 
plates. The splicing reaction is initiated by the addition 
of a-^-P-labeled GTP to a solution of nonradioactive 
precursor RNA. As indicated in Figure 2(A). the ^-P- 
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ngur. 2. (A) In vitro sdf-splicing of a piccursoi RNA derived £rOm P. c<in,m i^s-rRNA. A^l precursor RNA traps^npis contain a ^ a 3 

exon intcrrupied by a group I Uuroii- RNA sdf-splicing in P cannu follows tht same mtchanism as described in Figure 1(B). In this "aniplc O 
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asU niiroceliulo«: fJiers. The radio act iv it), retained on the filters is determined by scintillation counting. This value indicates .he ^^-^^n ^^"^ 
tptXg reactions. (B) Gel electrophoresis data ot the synthesis and the self-splidng reactions of P[«ur«,r RNA. La^^/^^^^^^^f t f?n^ he 
p^recursor RNA synthesis using T7 in vitro transcription. U .ddmon to the desired fuU length RNA^ sphced products ed 
Lt sten and 39(Vni and 162.m RNA from the second step arc cvideni. Lane 2 represents the self splicmg rc«ciions of a puriHco 5 -^"d I^J'd^° 
p^iurtor RN^SpU products from both steps ( U3-nt.nd l^Mr.) ..c cvkicnr. Lane 3 shows the seU.phcmg reactions of a nonr:K,,r..ct,ve 
precursor RNA acrK'atcd by the addition of^V-GTP. The two Uc.ircd products (439-nl and 390-nt) frorr both steps were observed. 



labeled products of the t^^'o-slep splicing reactions are 
439'ni T^NA and 390-nt RNA. Free GTP and the acid- 
precipitable longer RNA products can be rea(jiiy 
separated using trichloroacetic acid (TCA) precipita- 
tion and subsequent filtration through a niiiocelluiosc 
membrane. 'Die amount of radioactivity retained on the 
filter membrane represents the extent of the self- 
splicing reactions. This value obtained in the absenci^ 
of any comp>ounds (positive control experimenls) is 
used as a reference for determining tlic cfficicticy of 
inhibition. If the first 5'-clcavage reaction is inhibited by 
added compounds, incorporation of ^^P-GTP to the 
precursor RNA wiil be inhibited and a dccieased 
amount of radioactivity wiU be found on the membrane. 

A typical example of the results obtained from this high- 
rhroiighput assay is shown in Figure 3. Fieure 3(A) 



shows the raw data (radioactivity in counts per tnlllion, 
cpm) of the self-splicing reactions performed on a 96- 
well microtiter plate. Column 1 represents the results of 
eight repeats of the self-splicing reactions in the 
absence of any inhibitors while column )2 represents 
the data of eight repeals of solution coniaining-*P-GTP 
only. Other control experiments such as self- splicing in 
the absence of Mg"" or sclf-splicing reaction at time 
zero showed similar data to those of ^'P-GTP only. For 
the remaining vyells, self-splicing reactions were per- 
formed in the presence of potential inhibitors. Data in 
Figure 3(A) can also be presented as a percentage of 
self-splicing reactions in the absence or presence of 
added compounds. The difference between the mean 
values of column 1 and column 12 sers'es as the 
common denominator in calculating the regulatory 
effect as a percentage. In Figure 3(B), the percentage 
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iij each wcfl was obtained by subtracting the means of 
column 12 from the raw data in each well and then 
dividing this value by a common denominator. In this 
example, samples in wells F7 and C35 demonstrated an 
inhibitory effect greater than 50%. The eight repeats in 
column 1 (or column 12) suggest that there may be up 
to 20% error associated with this filtration assay. This 
should not affect the usage of this filtration method as a 
primary screening assay if the high-throughput screen is 
to quickly identify significant positive or negative effects 
in :i large collection of compoimds. The results of 18 
plates (a total of 1440 samples) have been analyzed and 
the statistical distribution of the inhibitory activities is 
shown in Figure 4. This analysis is useful to optimize the 
screening conditions and to determine the selection of 
inhibitors from high -throughput screening. 

The filtration method described here is useful as a 
primary assjiy for screening a large collection of 
compounds. Compounds that modulate (either up- or 
down-regulate) self-splicing reactions can be readily 
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Figure 4, A statistical analysis of tijc inhibition data of the fittration 
assay. Out of 1440 samples tested, Jess than 5% of all the samples 
iohibu 5U% of the sclf-jpl icing react iorl^ cif ilic P. carinii group I intror> 
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identified by comparing the relative amount of prodiif^ts 

versus startbg materials in the control samples. For 
example, in Figure 3, compared with wells containing 
control samples (column 1), a =90% decrease in radio- 
activity was observed for well F7. This indicates that 
samples in well F7 strongly inhibit the sclf-splicing 
reactions catalyzed by P. carinii group I introns. 

Using this protocol, a compound library cf ^150,000 
compoiiQds was screened for inhibitors. Automation 
using a robotic workstation was employed to handle all 
tiie liquid Jiamplings. Within three months, the entire 
compound library was screened at one single concen- 
tration for each compound. 

The use of this filtration assay for high-ihroughpui 
screening was supported by the fmdings that known 
inhibitors for group I introns were active in this assay. 
In our compound hbrary, analogues of known seif- 
splicing inhibitors such as guanosine and aminoglyco- 




FiRure 5. The structures of three sclf-splicing inhibitors: 1. and 3. 



side antibiotics existed ;ind were identified from the 
primary screen. After the initial screening, more than 
1000 small organic molecules were identified to inhibit 
the self-splicing reactions catalyzed by P. carinii group I 
introns. The structures of three identified inhibitors are 
shown in Figure 5. Compounds 1, 2, and 3 represent 
three distinct, non-nucleic acid, non- aminoglycoside - 
based inhibitors for self- splicing group 1 introns. As 
shown in Figure 6, rhese compounds exhibit their 
inhibitory effects as a function of drug concentration 
with ICjo values around 10 pM. Under similar condi- 
tions, guanosine (nonradioactive) exhibits an ICjo value 
of 0.2 pM. Although the mechanism of inhibition may 
vary, these examples indicate that structurally different 
modulators for self-splicing group 1 mtron RNA can be 
identified from a compound library using this filtration 
method. 

In addition to the filtration method, a high-throughput 
gel electrophoresis assay with multiple loading cap- 
ability has also been developed for studying self-spiicing 
group I introns. To be specific, the reaction sample, 
prepared similarly to that described in the filtration 
assay, v^^as loaded on a denaturing polyacrylamide gel (7 
M urea, 6% polyacryiiinude) and electrophoresed for 1 
h at room temperature. Due to their lengths, thc^^P- 
labclcd products of the self-splicing introns can be 
readily distinguished from the '-P-GTP ojn a polyacry- 
lamide gel. "As previously shown in Figure 2(B)', biily 
439-nt RNA (from the first step) and 390-nt RNA 
(from the second step), are observed on the geL Under 
the applied electrophoresis conditions, frce^-P-GTP did 
not interfere with the migration of any large RNA 
fragments from subsequent loadings and always ran out 
of the gel. On a single polyacrylamide, three or four 
repetitive loadings of different samples into the same 
wells at discrete times presented no interference 
between samples. Figure 7 shows the autoradiograph 
of a polyacrylamide gel (dimensions 15 x 15 cm) on 
which 20 different samples were loaded onto a single 
well at time 0, 1, and 2 h after the gel electrophoresis 
began. After 3 h of electrophoresis, the desired 
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Figure 6. Titration studies of guanosine, 3,2, autl J using the Filtralion 
assay. All samples show dose-dependeni inhibiiory effecl on sclf- 
splicing rcaction.s. The IC^, value for guanosfne is 0.2 |iM; for 1,5 uM; 
for 2, 20 ^iM; for 3, 9 uM. 
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products were: well resolved in all of thr <:pmr.Uc 

regardless of the time of loading. Each sample contains 
the same self-spljcmg reaction solucion as described in 
the previous section (32 of precursor RNA in self- 
splicing buffer, 2 of DMSO alone or compound in 
DMSO> and a 6 ^iL solution of a-^^P-GTP). 

To verify the validity of this multiple loading technique 
the sample order was varied at each of the loading 
times. As shown in Figure 7, the first loading follows the 
sequence (from right to left) of samples that contain 
self-sphcing reactions with no inhibitors added (two 
labeled as sclf-spiiciiiij in the presence of 
cbnipound 1. 2, ... , 16, (16 lanesjabeled as 1, 2, 16) 
and two repeats of control samples containing -'^p.Qjp 
only (two lanes, labeled as '-')• At the second and third 
loadings, the order of samples loaded on the same gel 
were scrambled compared la those of the first loading 
As shov^Ti in Figure 7. samples containing compourds 8 
10 n, 12. 13. and 16 can be readily identified as 
inhibitors (^hit.v) regardless of when and where they 
were loaded. In this gel electrophoresis assay, for the 
purpose of quantitation of reaction yields, appropriate 
-P.labeled RNA fragments can be introduced to each 
sample as an internal standard immediately prior to 
loading. The gels conlaining self-splicing products and 
internal standards were dried and quaniitated using a 
phosphonmager (Phosphorimager. Molecular Dv- 
namics). Although more laborious than the filtration 
assay, the gel electrophoresis method described here 
has heen demonstrated to be useful in high-throughput 
screening with the group I intron ribozyme as a 
molecular target. 



In gt:neral, rher& is a good correlation between the 
filtration and gel electrophoresis assays. The most active 
(or inactive) compounds can be readily identified in the 
filtration assay and verified by the gel electrophoresis 
method. The self-splicing inhibitory effects of 10 
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Figure 8. Correlation between the filtration and eel elccuophoresis 
assays. inhibiTion of self-splicing />. csrinu group I Ir.iron RNA by Ifl 
riiJcicnt compounds is showr. The irihibiroi7 effects of compounds 
A^J Obcainerf from filtration assay (open bars) were compared with 
those ohiamccJ from the gel clecirophoresis merhod (hatched bari). 
A.S controU. innibiuon data of vioniycin. sirepiomvcir. .ind peniamf- 
dine arc also shown. In general, there is good correlation bet\vten the 
Twr: assays. 
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compounds were examined using both the filtration 
assay and the gel electrophoresis method. h\ each 
sample, a single concentration (20 pjvl) of an inhibitor 
was prepared and aliquots were removed for either 
nitration or gcJ electrophoresis. Four repeats of each 
sample wcjc performed and the average inhibition of 
each inhibitor was presented in Figure 8. Viomycin, 
.streptomycin, and pentamidine, previously reported^' as 
group I inrron inhibitors at high concentrations, 
were also tested in both assays as controls. For example, 
compounds C and G were found to be the most active 
inhibitors in both filtration and gel electrophoresis 
assays. On the other hand, compound J was found 10 be 
inactive iii both assays. Under similar conditions, 
viomycin, streptomycin, or pentamidine exhibited either 
low or modest activity. 

Since the self -splicing assays described above include no 
nucleic acids other than the target ribozymes, the 
specificity of the idemified inhibitors remains to be 
determined. If the inhibition is performed in the 
presence nf a large excess of carrier DNA or RNA, 
nonspecific nucleic acid binders such as certain inier- 
calators can be distinguished based on their reduced 
activity. However, similar activity should be found if the 
inhibition is specific for group I intron RNA. For 
example, the specificity of inhibitors 1-3 was evaluated 
in self splicing reactions using 30 jiM nonradioactive P. 
cannii precursor RNA and 3 aM ^?-GTF in the 
presence of carrier nucleic acids (300 i^M of calf thymus 
DNA and 300 ^iM of yeast tRNA^^^ all concentrations 
arc in nucleotides). The presence of carriers affects the 
inhibitory effects of all three samples (data not shown). 
The IQo values of these samples were five- to 10-fold 
higher than those in the absence of any carriers.'* These 
data indicate that, in addition to affecting the sclf- 
splicing group 1 introns, compounds 1-3 may be mostly 
involved in nonspecific interactions with any nucleic 
acids. Under similar conditions, the inhibition by 
guanosinc was not affected by the addition of carriers. 

We have also established an additional specificity study 
based on the Tl polymerase transcription method. As 
previously shown in Figure 2(B), two different bio- 
chemical reactions — self -splicing and in vitro transcrip- 
tion — occurred in the same reaction mixture contaimng 
high concentrations of OTP and double-stranded DNA 
icmplales for RNA synthesis. The specificity is deter- 
mined if the inhibitor affects only the self-splicing but 
not thft transcription. In this assay, compounds of 
interest are added to the transcription buffer before any 
transcription ui sclf-splicing is initialed. Figure 9 shows 
an example of this specificity study. The tested inhibitor 
was previously identified from the high-throughpui 
filtration assay and verified by the gel electrophoresis 
method in the presence of carrier nucleic acids. The 
IC50 values of this inhibitor in both of these assays are 
ikM. As shown in Figure 9, at a conccntracion of 
about 5 \iM this inhibitor blocked most of the self- 
splicing reaction without affecting the transcription of 
precursor RN.4. The results obtained from high- 
throughput screening and seiectix'ity studies demon- 
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Fifiur> y. T7 in vitro transcription assay aS £ lool to evaluate the 
spccificiry of the self- splicing inhibitors. A self-splicing inhibitor 
i^lertifieri from the filtration and ge) electrophoresis mcihod was 
tested in this assay. This compound inhibits (he selj -splicing reactions 
hut not the iranscripiion of P. carinii precursoi RNA. 



stralcd the utility of our mass -screening approach. Both 
the in vitro transcription assay and the gel electrophoresis 
assay in the presence of a large excess of carrier nucleic 
acids have been used as secondary screens. These assays 
have been used to evaluate the selectivity of the inhibitors 
identified from the primary Sltration screen and their 
priorities for further drug development. 

Furthermore, the nature of small-molecule inhibition of 
sclf-splicing group I introns can be determined from 
mechanistic studies. Basic principles and equations 
applied to regular enzymes can also be used in self- 
splicing ribozyme systems with certain modification. 
Unlike normal enzymes, the concentration of group 1 
inrron ribozyme decreases as the sclf-splicing proceeds. 
Therefore, the sclf-sphcing ribozyme does not have any 
turnover and the maximum velocity occurs only a: the 
initial ume.^" With these considerations, a Michaelis- 
Mentcn mechanism can be applied to estimate kinetic 
parameters such as K^, k,^,, and K, of the seif-splicing 
reactions.*^ 7'he kinetic studies can be performed using 
cither internally labeled or end-labeled precursor RNA 
as the starting material (Fig. 2iS), The relative amounts 
of the full-length precursor RNA and the spliced 
products can be quantitated and calculated to obtain 
the efficiency of the sclf-splicing reactions. Mechanistic 
studies of cenain inhibitors are currently underway to 
understand the details of their mechanism of action and 
tu design better inhibitors. 
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A ligation reaction catalyzed by a seJf-assembleil 
ribozymc derived from sunY group I introns 

We have recently screened for small-moIccule inJ^ibi- 
tors of another ribozj'me system derived from self- 
splicing ^roup I introns. As shown in Figure T(A), the 
well-defined catalytic core of group 1 intron includes 
consented sequences P, Q, R, S, a G/C base pair as the 
binding site for guanosine, and the PI and PIO 
scgnients containing the 5' and the 3' splice sites, 
respectfvely. There has been an increasing number of 
chemical reactions found to be catalyzed by ribozyines 
derived from group J introns.^ Tlie activities found for 
the group I introns include ihnt of a rrbonudeasc 



phosphotransferase, acid phosph<itasc. ONA or RNA 
restriction endonuclea^c, RNA liHasfc. RNA polyiner- 
and aminoacyl esterase. Most interestiiigfv, all of 
These reactions seem to lise the same catalytic 'domain 
for biocaialysis. 

RN^A fragments containing P, Q, and S sequences 
have been demonstrated to assemble and form a 
nuiltisubunii ribozyme that catalyzes an RNA ligation 
reaction/ As shown in Figure lO^A), this self- 
^sembled nbozymc system is composed of three 
RNA fragmcnis: 59 ni, 43 nt, and 36 nt. It has been 
denionsiraiecl that this nbo^ivme, in the presence of 
Mg'^, catalyzes the ligation of a 6-nT RN'A fragment to a 
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28-nt RNA (Fig. lOB). The assembled ribozyme 
catalyzes the nucleophiiic attack of the 3'-0H from 
the 6-nt to the 3'-phosphodiestcr linkagu folIuwLng the 
5'-guaninc residue of the 28-nt RNA. The products 
include a guanosine reJeascd from the 28-nt RNA and a 
ligated 33-nt RNA product. This hgation reaction 
represents a mimicry of either the reversal of the first 
step in the group [ intron self-spJicing process or simply 
the second reaction. Regulation of this scIf-asscmblcd 
ribozyme system may serve as a model for modulating 
any other biological reactions catalyzed by the group I 
intron RNA. 

A high-throughput filtration a^say capable of screening 
compounds that regulate the RNA ligation reaction 
catalyzed by the self-assembled ribozyme system has 
^ now been esiablishcd. This assay includes the use of 
i rMriioisotope (e.g./'P) labeling at' the 5'-end of the 6-nt 
! RNA substrate and the incorporation of a biotin 
molecule at the 3'-end of the 28-nt RNA substrate. 
The ligation reaction catalyzed bv the self-assembled 
ribozyme system shown in Figure 13(B) was designed to 
generate a 5'--^-P, ^'-biotinylated RNA product 

which can be readily distinguished from aJl the other 
j RNA compojicnts in the mixture. To facilitate the 
I separation of the 33-nt product from the 6-nt RNA, a 
protocol of biolin-streptavidin conjugation^^ is incorpo- 
rated into this assay. The relative amounts of the %- 
labeled 6-nl and 33-nt product can be determined by 
the radioactivity retained on the filter membrane. The 
33-nt biotinylated products conjugated witJi strept«'ividin 
will remam on the filter while free "P-6-nt will pass 
through during filtration. The biotinylated 2y-nr RNA 
J suhstrare itself is not radiolabeled. Therefore, when it is 
conjugated with added streptavidin. it does not interfere 
with product anaJysis. Compounds that regulate (cither 
up- or down-regulate) the designed ligation reactions 
j are identified by their differential radioactivit>' retained 
} on the filter compared with the control sample, which 
contains no compounds. 
I 

TIic results obtained from this high-lhroughput assay in 
a 96-well microtiter plate are shown in Figure il(A). 
Percentage inhibition of the ligation reaction in the 
aKtence or presence of added compounds can be 
: obtained from the raw data as described in the previous 
j section. Column 1 represents the results of the ligation 
I reactions catalyzed by the self-assembled rihozyme in 
the absence of any inhibitors while column 12 repre- 
senrs The data of the solution containing RNA 
substrates ("T'-6-nt and 28-nt) only. Other control 
experiments, such as ribozymc-catalyzed ligation reac- 
tion at Lime zero, showed data similar to those of RNA 
substrates only. As shown in Figure n(A), compared to 
control samples, decreased radioactivity found in 
certain wells (e.g., A3, A7, and A9) indicates Ugaiion 
is inhibited by the presence of compounds. In theory, 
aunpountis that up-regulaie the catalysis can also be 
identified by the mcrcascd counts in radioactivity. 

An alternative method of separation and detection is 
the use nf scintillation proximity assay (SPA).*' In the 
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Figure 11. (A) Aj) example of high-ihroughpui screening da?a fron> 
Uic sulf'iiiscaiblcd riborymc systtir using Lhc Ultration assay. In 
columns 2-11, each well reprcjcnts the ligaiion reaction in lhc 
prcicncc of a unique sample- Similar to f igure 3(D), ibs r-axis 
indic;ire5 the extents of inhibition in the presence of different samples. 
(B) Inhibiiiun dnia (jbiairicU for ihc Aarne sample piiitc uitng SPA. As 
indicalcd by arrows, mosi active well* (A3. A7. and a9) are evidert in 
both a»ay&. 

ligation experiment described above, the final product, 
33-nl iigatcd RNA, is biotinylated and can be immobi- 
lized on the SPA beads through biotin-streplavidin 
conjugation. If the RNA is labeled with 'weak' p 
particle-emitting isotopes such as ^^P» -'S. and ^H, the 

efficiency of ribozyme-:; a talyzcd iigaiJoii c^an be fol- 
lowed by the light emitted from the scintillant 
embedded in the SPA beads. This detection method 
eliminates the separation procedure and significantly 
simplifies the screening assay. Figure 1 1(B) shows SPA 
data obtained for the same sample plate previously 
studied by the filtration method. By comparing the data 
of Figure 11(A) and (B). samples in wells such as A3. 
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A7. and A9 were found to be active regardless of the 
separation jnclhod used. Discrepancies in the data of 
ccnain we!ls may be due to the different natures of 
these assays. The: error observed for the SPA ineihod 
was slightly higher. 

Current studies focus on the intron sequence obtained 
from P. canmi or phage T4. D^hibiiors that function 
through a mechanistD common to group I introns in P 
cannn or phage T4 could have the potential to block 
smuUr self-sphcing reactions in other group I intron 
s>'steuis. Investigations into this hypothesis are in 
progress in our lahoratorv. 



Summary 

Methods ihat are amenable for automation or high- 
throughput screening have been developed to identiN 
small organic molccuJes that regulate (activate or 
suppress) the activity of a panicular ribozvme. Methods 
of labelmg of nucleic acids (with radinaciive isotopes 
fluorescent tags, or hioiin) and separation of starting 
matcnal a„d final products (using filtration, gel 
electrophorcsjs, or biotin-avidin conjugarion) ^re dis- 
cussed. These methods are used to separate and 
quantiute the reactants and the products and lo 
evaluate the effects of small molecules on the chemical 
i cacnons catalyzed by ribozymes of interest. Tlic in vitro 
assays discussed here include no proteins or other 
macromolecular targets other than ribozymes. The low 
molecular weight organic modulators thus identified 
must interact directly with ribozyme molecules In 
addition to the examples provided, these methods 
should be applicable to a variety of ribozyme, or even 
enzyme, systems derived from DNA molecules. 

Although yet to be proven, inhibitors following thi<i 
spccjfic mechanism could be of clinical utility in treating 
or detecting infections caused by microorganisms whose 
life cycle is regulated by the catalytic function of group I 
introns. If such agents are shown to be clinically useful 
then m vitro assays described here might be more 
generally used to screen agents targeting a variety of 
RNA-calalyzed reactions. The cellular or in vivo 
activities of the identified self-sphcing inhibitors are 
Jtie suhjcct of current investigation. 



Expermienlal 



MateriaJs 



Unless otherwise mentioned, all biochemicaJs were 
Obtained from Sigma and used without further purifica- 
tion. Jlic LDmpound library of Parke-Davis was used 
for high-throughput screening against the F. carinii 
group 1 introns or the self-assembled ribozyme. 



Preparation of />. carinii precursor KNA 

The .S.S2^nt precursor RNA— including a 4S9-nt se- 
quence derived from P. carinii Ss-rRNA. □ short 5'- 
fragment and a 3'- overhang sequence— was prepared 
as described previously with some inodiOcation.'^^ The 
489-bp sequence of cDNA encoding a 390-nt group I 
iniron .sequence, a 6S-nt 5' exon, and a 3Tnt 3'-cxon was 
prepared by PCR reaction using six overlappmg 
oligonucleotides (^iOO nt each, chemically synthe- 
sized) and m-o primer sequences. The PCR amplified 
products were cloned mto a pGEM.4Z vector fPromc- 
ga) pr-viously Imearized by Sma L ^Fhe vector was 
transfeci^d into E, colt and the clones containing the 
4S9-bp cDNA were verified by enz>'me digestion and 
clideoxy sequencing, ^fhe correct pGHM constructs were 
linearized with EcoR 1 and used as a template for in 
vitro transcription with T7 RNA polymerase. When 
necessary, the 552-nt RNA transcripts were purified by 
polyaciylamidc gel electrophoresis. 

Preparation of the self-assenibJ^d ribozyme syslems 

All RNA fragments were chemically synthesized using 
phosphoramiditc chemistry and purified by PAGH 
Biotinylaicd 28-nt RNA was synthesized using CPG 
supports containing biotin at the 3^terminus (BioTEG- 
CPG. Glen Research). 6-ni RNA was phosDhorvlated 
usuig T4 polynucleotide kinase and fy-'^-P] ' ATP 
(Amersham). 



High-throughput filtration assay for carinii group I 
introns 

In each well of a 96-well U-bottom microliter plate, 3? 
mL of precursor RNA (in self-splicing buffer 50 rnM 
Tris-HQ, pH 7.5. 10 mM {m\,)^SO,. 10 mM MgQj, 5 
mM spcrmidme, and 5% glycerol) was added to 2 of 
small organic compounds (in DMSO) and the mixture 
was mcubated at room temperature for 5 min. This 
incubation ensures prc-cquilibration between the en- 
zymes and the inhibitors before ihe addition of a 6 ul 
solution of a-^^P-GTP (^10,000 cpm in self-splicinc 
buffer) to mitiate the self-splicing reaction. 'Ilie final 
concentration of the precursor RNA was 50 nM (in 
molecules). The reaction mixiure was incubated at 50 
X for 3 h before 350 of Ll% aqueous trichloroacetic 
acid (TCA) was added to stop the splicing reactions and 
to precipitate the RNA. The TCA/rcaction mixrurc was 
incubated at room temperature for 5 min and trans- 
ferred to a nitrocellulose filter plate (Millipore MHAB 
pietrcated with iOO pL of 0.05^c poiyethvleneimine for 
15 mmj. Filtration was performed on a vacuum 
manifold (Millipore, MaVM) and the filler membrane 
was washed once with 200 ^iL of washing buffer (0 1 N 
I-ra 100 mM Na.P^O,). The filter was allowed to dry 
and the retained radioactivities were determined using 
scintillation counting (VVa)lac Miciobet?. Counter) Due 
to the use of the 96-well microtitcr plates, ail solution 
handhng was automated by using a robotic workstation 
(Beckman, Biomek 1000). 
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Iligh-throughpul filtration assay for the self-assembled 
ribozyme system 

The assay was performed in 96-weil microtiier plates. 
To each wdl, 48 |iL of the three-fragment ribozyme 
solution (in 30 mM Trifi-HCl, pH 7.5; 150 mM MgCl-; 
10 mM NH^Cl; 40U mM KCl; 10% polyethyleneglycol 
annealed at 55 T fur 10 rain then cooled down to 37 ^^C 
gradually) was added to 3 of compounds in DMSO 
(fmal concentration of 20 jiM). The mixture was 
equilibrated at room temperature for 5 min and 9 
of tJie substrate RNA solution was added. The final 
concentration (in molecules) of the ribozyme was 50 
nM; of the 28-nt substrate, 20 nM; and of the 6-nt 
substrate, :t 100 pM ( 10,000 cpm). The reaction was 
incubated at 37 for 2 h and stopped by the addition 
of ISO \xL of an 8 M urea/formamide solution (2:1 
volume ratio). We found that the addition of urea/ 
formamiJe solution significantly reduced the amount of 
nonspecific binding of unligated RNA substrates to 
Slreptavidin-coatcd SPA beads. After 5 niiu of mL\ini; 
and standing, aliquots (120 ^L) of the mixture were 
transferred to a 96-wcn filtration p[ate (Millipore. 
MHAR) pre-wet with cold washing buffer (e.g;,» 10 
mM phosphate. pH 7.2 and 1.15 M NaCl, 0.05% NaN^, 
and 5% gK'ccrol). A lOO solution of strepiavidin- 
coated SPA beads (Amersham Internadonal, 0.625 mg/ 
mL in washing buffer) was added to each well. After 
equilibrating for a further 10 min, filtration was per- 
formed using a Multiscreen Vacutnn M_anifold (MNli- 
pore). The filters were washed with cold washing buffer 
once and dried before determining their radioactivities 
using a Wallac Microbeta Liquid Scintillation Counter. 
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